This contribution studies the impact of adaptive modulation (AQAM) on network performance, when applied to a cellular network using adaptive antennas with Fixed Channel Allocation (FCA) and locally distributed Dynamic Channel Allocation (DCA) sch-emes. The performance advantages of using adaptive modulation are quantified in terms of overall network performance, mean transmitted power and the average network throughput. With the advent of AQAM 33% and 87% increased number of users can be supported by FCA and DCA, respectively.
INTRODUCTION
Dynamic Channel Allocation (DCA) schemes, in general, offer substantially improved new call blocking, call dropping, and Grade-Of-Service (GOS) performance, when compared to Fixed Channel Allocation (FCA) algorithms. In previous work it was shown [l] that the Locally Optimised Least Interference Algorithm (LOLIA), based upon the locally optimised DCA algorithms proposed by Delli Priscoli et a1 [2] , provided the best overall compromise in terms of network performance .
Since a cellular network is typically interference limited, adaptive antennas sited at cellular basestations are ideally suited for application in this field [3] . Given that each mobile in the network is uniquely identifiable, the so-called Sample Matrix Inversion (SMI) algorithm [4] may be invoked to obtain the antenna array receiver weights. In a Frequency Division Duplexing (FDD) network the weights calculated for use on the up-link may not be suitable for use on the down-link due to the often non-reciprocal channel characteristics. However, using a feedback loop from the mobile to the basestations would allow the determination of the down-link weights [5] . An alternative solution is to use Time Division Duplexing (TDD) with a sufficiently small dwell-time, such that the channel does not vary significantly between the up-and the down-link time slots [3] .
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ne1 quality [6] . Thus, if the channel exhibits a high Signal to Interference plus Noise Ratio (SINR), then a high order modulation mode may be employed. Likewise, if the channel has a low SINR, using a high order modulation mode would result in an unacceptably high Bit Error Rate (BER) and ransmission Frame Error Rate (FER) and hence a more robust, but lower throughput, modulation mode would be invoked. The FER was evaluated for approximately half-rate Bose-Chaudhuri-Hocquenghem (BCH) codes, which employed interleaving over the different number of bits conveyed by the different modem modes.
ing algorithm invoked in our simulations attempted to minimize the transmitted power whilst maintaining a high throughput with a less than 5% target FER. The pseudo-code of the proposed algorithm was as follows : GOS = P(unsuccessfu1 or low-quality call accesses} = P(cal1 is blocked} + P(cal1 is admitted} x P(1ow signal quality and call is admitted}
(1)
System Parameters
A GSM-like microcellular system, having the parameters defined in Table 1 , was used to investigate the performance of AQAM in conjunction with adaptive antenna arrays, for both FCA and LOLIA DCA schemes. The maximum capacity of the system was limited through the use of eight timeslots and just seven carrier frequencies, in order to maintain an acceptable computational load. If a channel allocation request for a new call could not be satisfied immediately, it was queued. If not serviced within 5s, it was classed as blocked. The call duration and inter-call periods were Poisson distributed with the mean values shown in Table 1 . Three parameters were used to model the physical layer, the 'Outage SINR', the 'Reallocation SINR' and the 'Target SINR'. When the up-or down-link SINR for a given mobile drops below the 'Reallocation SINR', defined as the average SINR necessary for a 5% transmission Frame Error Rate (FER) using QPSK/4QAM over a narrowband Rayleigh fading channel, then the mobile requests a new physical channel to handover to, initiating an intra-or intercell handover. If the signal quality drops below the 'Outage SINR', defined as the average SINR required to maintain a 10% FER, then an outage occurs. A prolonged outage leads to the call being dropped. The 'Target SINR' is the SINR to be maintained by the power control algorithm. The propagation environment considered consisted of a Line-Of-Sight (LOS) ray and two additional rays, each having a third of the power of the LOS ray, with angles of arrival at the basestation determined using the so-called Geometrically Single-Bounce Elliptical Model (GBSBEM) of [8] with parameters chosen such that the multipath rays had one-third of the received power of the direct ray. It was assumed that all of these multipath rays arrived with zero time delay relative to the LOS path, or that a space-time equalizer [9] was employed, thus making full use of the additional received signal energy, at the expense of consuming degrees of freedom of the antenna array. A further assumption was that the up-and down-link channels were identical, thus allowing the same antenna pattern to be used in both the up-and the down-links, as in a TDD system.
PERFORMANCE OF AN AQAM BASED NETWORK USING POWER CONTROL
This section presents the simulation results obtained for a network using burst-by-burst adaptive modulation in order to improve network performance. Simulations were conducted for both a standard 7-cell FCA scheme and a 7-cell LOLIA system. The results obtained for a 4-QAM based network using power control were included for comparison purposes. Figure 1 shows the new call blocking probability versus the mean normalized carried traffic. From this figure it can be seen that in conjunction with the LOLIA there are no blocked calls except for the highest level of traffic, when using a two element antenna array. However, in general, the FCA algorithm exhibited a higher blocked call probability.
The call dropping probability is depicted in Figure 2 and shows that, when invoking adaptive modulation, the FCA algorithm performs better than the LOLIA below a traffic load of about 225 Erlangs/km2/MHz. The FCA scheme consistently offered a lower call dropping probability, when employing AQAM compared to when using the fixed 4-QAM modulation scheme. However, the AQAMassisted LOLIA using two element adaptive antenna array performed slightly worse, than when using 4-&AM for traffic levels below about 200 Erlangs/km2/MHz. Nonetheless, Figure 2 : Call dropping performance versus mean carried traffic of the LOLIA, with 7 'local' basestations, and of FCA employing a 7-cell reuse cluster, w i t h and without AQAM.
above this level the LOLIA performance remained relatively constant, whereas for 4-QAM the dropping probability increased fairly sharply. From Figure 3 it can be seen that the Grade-Of-Service (GOS) -as defined in Section 2.1 -of the FCA algorithm did not benefit from AQAM to the same extent as the LO-LIA. The FCA scheme using AQAM and a two element antenna array offered a marginally lower -i.e. better -GOS than fixed 4-QAM combined with a four element antenna array. Conversely, the GOS of the LOLIA was reduced by up to a factor of 200 at a traffic load of about 280
Erlangs/km2/MHz. Above this load the GOS increased steeply due to the non-zero blocking probability incurred under this traffic loading. As seen in Figure 4 , AQAM reduced the mean number of handovers per call for both the FCA scheme and the LOLIA. The number of handovers per call for the 4QAM- assisted LOLIA was low, hence only a slight reduction could be achieved, but for the FCA scheme significant reductions were observed. Figure 5 shows that the probability of a low quality access was reduced due to AQAM for both the FCA scheme and the LOLIA. For traffic loads below 60 Erlangs/km2/MHz, the FCA algorithm using AQAM behaved similarly to when using fixed 4-QAM, but when more moderate levels of traffic were reached, the advantage of adaptive modulation increased. Likewise, for low traffic levels, the LOLIA gained little from investing in AQAM, but for higher traffic loading the probability of a low quality access occurring levelled off to a near-constant value.
The average modem throughput expressed in bits per symbol versus the mean carried teletraffic is shown in Figure  6 algorithm offered the least throughput with its performance degrading near-linearly with increasing network traffic. The LOLIA, especially for the lower levels of traffic, offered a higher modem throughput for a given level of teletraffic carried, with the performance gracefully decreasing, as the carried teletraffic continued to increase. The mean transmission power results of Figure 7 demonstrate how the employment of AQAM can reduce the power transmitted, both for the up-and the down-link. At low traffic levels the FCA algorithm performed noticeably worse, in transmitted power terms, than the LOLIA. However, as the traffic loads increased, the difference became negligible. In contrast, the gap between the up-and the down-link powers was close to zero for the lighter traffic loads, but as the level of network traffic increased, so did the difference, with 2dB extra transmit power required on the up-link for the maximum traffic load simulated. This resulted from the interfering mobiles being located closer to the serving basestation in statistical terms, than the interfering basestations are to the served mobile. The mean power reduction -when compared to a fixed transmission power of lOdBmvaried from approximately 1dB to more than 8dB. A 1dB reduction in transmission power is not particularly significant for the mobile user, especially since at this network load a throughput of only 2 bits/symbol is possible. The difference between the network using adaptive modulation and that without, though, is the overall improved call quality that can be achieved in these circumstances.
Summary of Results
In order to arrive at a meaningful comparison of our results, it is necessary to consider a combination of the network performance metrics. For example, an algorithm may perform very well in one respect, yet have poor performance when measured using an alternative metric. Therefore, the following conservative and lenient scenarios were defined [l] Due to the enhanced network performance resulting from the employment of AQAM, a further constraint of a minimum throughput of 2 bits/symbol was invoked. This ensured a fair comparison with the fixed 4-QAM based network. Table 2 shows how the network invoking AQAM performed, when compared to the fixed 4-QAM based network. Using FCA and a two element antenna array in conjunction with AQAM resulted in at least an additional 33% of users supported by the network. Furthermore, these additional users benefitted from a superior network performance in all respects, except for the blocking probability, whilst maintaining a 25% higher network throughput. Even more significant network capacity increases were observed for the LOLIA, with up to an 87% improvement in the number of users supported.
CONCLUSIONS
We have examined the performance of an AQAM-assisted mobile cellular network in contrast to a fixed 4-QAM based network. At high levels of network traffic the network users benefitted from improved call quality for a given transmit power and modem throughput. The network was thus capable of supporting more users with a higher user satisfaction, than for a similar network using fixed 4-QAM. For low numbers of network users it offered superior call quality, reduced transmission powers and higher modem throughput, than for identical scenarios over a fixed 4-QAM network. Thus, for a given network traffic loading or number of users, our network employing AQAM was capable of achieving an increased mean modem throughput whilst offering a better quality of service. Our future work involves the investigation of network capacity for a CDMA-based UMTS network. Table 2 : Maximum mean carried traffic, and maximum number of mobile users that can be supported by each configuration, whilst meeting the preset quality constraints. The Carried Traffic is expressed in terms of Normalized Erlangs (Erlang/km2/MHz), for the network described in Table 1 
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